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EXECUTIVE SUMMARY 
It has been suggested that short term replacement of CFC-12 by HFC-
134a for mobile air conditioning will sharply reduce ozone depletion, but not 
refrigerant contribution to global warming. Consequently, it would be 
eventually desireable to eliminate the use of HFC-134a completely. This report 
makes a preliminary evaluation of a number of alternative refrigeration cycles 
which could be applied to mobile air conditioning. 
Twelve technology approaches are evaluated for use in passenger 
automobiles. A baseline case is adopted which assumes a standard automobile 
(1990 Pontiac Grand Prix), an ambient temperature of 52°C (125°F), an in-car 
temperature of 24°C (75°F), a vehicle speed of 55 mph and a maximum hot soak 
pull-down time of 120 seconds. 
After making suitable assumptions for heat transfer parameters, the 
cooling problem is solved on Auto-AlC, a program for Macintosh written for 
and included with this report. It is found that the optimum system capacity for 
the baseline cooling case is 8.0 kW, or 2.3 tons of refrigeration. 
Alternative technologies are then described and evaluated on the basis of 
ozone depletion potential (ODP), global warming potential (GWP), coefficient of 
performance (COP), physical size, weight, complexity and passenger safety. 
Technologies evaluated include: 
A . Absorption cycle (water & ammonia) 
B. Air cycle 
C. Desiccant cycle 
D. Liquid nitrogen based automotive engine & AlC 
E. Metal hydride / Chemical Heat Pump 
F. Stirling cycle (with Helium) 
G. Thermoelectric cooling 
H. Hermetically sealed electric compressor 
I . Jet ejector as compressor 
J . Jet ejector as expander 
K. Scroll Compressor 
L. Energy Conservation 
It is found that the energy conservation option has a strong role to play in 
evaluating alternative technologies. Using Auto AlC, energy conservation 
measures can conceivably reduce the system capacity from B.O kW to 3.0 kW. 
At this reduced load, a bulky, high COP technology can be considered. The 
metal hydride/chemical heat pump is the best example of a large, high COP 
system which would be competitive using strong energy conservation 
measures. 
COP comparisons are made on the basis of the system's effect on vehicle 
fuel consumption. The leading candidates on a COP basis are vapor 
compression cycles (hermetically sealed electric compressor and scroll 
compressor), Stirling cycle and chemical heat pump, all with nearly identical. 
COP's of 0.68, based on fuel heating value. The absorption cycle is 15% less at a 
COP of 0.58. Dessicant cycle, air cycle, and thermoelectrics are considerably 
lower with overall COP's of 0.42, 0.40 and 0.32, respectively. Accurate COP 
estimates were not available for jet ejector cycles. 
Weight was not found to be a good discriminator for evaluating 
alternative technologies. The weight of all systems is similar, and in any case 
has a small effect on fuel consumption. 
Complexity is also not a good discriminator. It is easy to analyze the 
complexity of present systems through such approaches as parts count and 
tolerance requirements, but difficult to predict the evolving simplification 
history of any given system. 
It is concluded that the helium Stirling cycle and the metal 
hydride/chemical heat pump could well be attractive alternative technologies 
for mobile air conditioning. Energy conservation should be strongly considered 
for all vehicles. The absorption cycle is a possible alternative if coupled with 
energy conservation to reduce system size. Other systems will require 
breakthroughs to raise their COP to competitive levels. 
INTRODUCTION 
The refrigeration and air-conditioning industry is entering a major 
crossroads in its development. It is a widely accepted fact that refrigerants, 
especially chlorofluorocarbons (R-12 and family) used in present day vapor-
compression cycles are having a detrimental affect on the earth's upper 
atmosphere. The United States and most industrialized nations have formally 
agreed to reduce and ban the production of these chemicals. 
The automotive air-conditioning industry is greatly affected by this 
change. Eighty percent of the new cars sold today have on-board air-
conditioners which are difficult to seal permanently against refrigerant 
leakage. While most of the industry is concentrating on finding less-
dangerous forms of chlorofluorocarbons, it must be realized that this would 
only be a temporary solution. Recent EPA findings show that by 1990 there was 
a cumulative 5% reduction in the ozone layer over the United States. This 
could, if continued, lead to over 12 million cancer cases and 200,000 deaths over 
the next 50 years. For this reason, different approaches to mobile air 
conditioning technology are now being considered. 
There are a number of alternate technologies to the halocarbon vapor-
compression cycle, many of which were carefully studied when air 
conditioning units were first put into vehicles almost forty years ago. 
Technologies since then have changed. This paper identifies new refrigeration 
cycles which could be alternatives to the present-day halocarbon vapor-
compression cycle. 
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L COMPARISON BASELINE 
A meaningful comparison of alternative methods for mobile air 
conditioning requires that the technologies be referenced to a common baseline 
automobile. This baseline must include a heat input load model, system 
performance requirements, mass and volume requirements, and Ozone 
Depletion Potential (ODP) and Global Warming Potential (GWP) data. 
Ambient Conditions and Constants 
The first data to be defined are the ambient air conditions and constants 
under which the air conditioner must be run. These are established in Table 
1:1 
Table 1. Baseline Air-conditionin~ and Vehicle Parameters 
Ambient temperature ..................................... . 
In car temperature ....................................... . 
Solar irradiation ........................................... . 
Driving speed ............................................... . 
Fuel Mileage ................................................ . 
Air density at 52°C ....................................... .. 
Air density at 24°C ....................................... .. 
Thermal conductivity of plate glass ................ .. 
Thermal mass of windshield ......................... .. 
Area of windshield ('90 Pontiac Grand Prix) .... . 
Total window area ('90 Pontiac Grand Prix) ..... . 
Max. AlC Pull-down time .............................. . 
Heat Load Characterbation 
52°C 
24°C 
900W/m2 
55 mph (88.5 k/hr) 
28mpg 
1.1 kg/m3 
1.3 kg/m3 
1.4 W/moK 
0.25 in (6.35 mm) 
1.40 m 2 (100 kg) 
3.41 m2 
120 seconds 
The vehicle heat load is dominated by two large heat sources: solar 
irradiation and body conductance. It is a surprising result that when the car 
is moving, the largest single heat load on the system is not solar, but rather 
heat conduction through the vehicle windows. 
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A numerical calculation of the air conditioning performance of the ve-
hicle has been implemented in the program Auto-AlC, which is attached to 
this report in Appendix A. Auto-AIC is used to size the air conditioning unit to 
achieve the desired baseline conditions in Table I. 
Solar Irradiation 
Solar radiation is the first major source of heat input to a passenger 
vehicle and, given the current trend for automobile designs to have larger and 
larger window areas, is an increasingly important one. Solar irradiation at 
the surface of the earth is assumed to be 900 W/m2. The total window area on a 
1990 Pontiac Grand Prix is 3.41m2. Realizing that at most, only half of this can 
be exposed to the sun at anyone time, we have a maximum solar window area 
of 107m2. When a solar view angle of 30° is taken into account, this area 
reduces to 1.5m2. Glass transmittance is assumed to be 1.00. With this 
information the solar load is calculated as 1.35 kW. 
Table II. Baseline Solar load 
Solar irradiation 
Total window area 
Effective window area 
Solar load (900)(1.5) 
Body Conductance 
900W/m2 
3.4m2 
1.5m2 
L35kW 
Even though solar radiation heats the vehicle and passenger 
compartment during the day whether or not the vehicle is running, most air-
conditioning use occurs when the vehicle is in motion. We now consider heat 
that is brought into the vehicle by air convection, then by conduction through 
the body panels and windows of the vehicle. For the vehicle velocities we are 
considering, the body conductance varies roughly linearly with speed2. When 
the vehicle is traveling at a steady 55 mph, this body conductance has a typical 
value of 80 W/oK. When the temperature difference between the outside and 
inside of the car is 28°C, the body conductance load is 2.24kW, as shown in 
Table III. 
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Table III. Baseline Body Conductance Load 
Conductance 
Temperature Difference 
Body Load 
BOW/OK 
2BoC 
2.24kW 
Most of the body conductance load is associated with conductance 
through the windows. Today's advanced aerodynamics, in an effort to obtain a 
reduced drag coefficient, have resulted in higher air speeds over all the 
window surfaces, increasing the convective heat transfer coefficient at 55 mph, 
and consequently increasing the load on the car's air conditioner. The 
temperature gradient through the window glass varies with the velocity 
(Figure 1), giving more heat transfer at maximum speed. 
t = glass thickness 
V= vehicle Velocity 
outside 
Figure 1. Temperature profiles through the vehicle windows, 
showing the velocity effect. 
The maximum heat transfer through the window is given by the 
following analysis. Assuming very high convective transfer on both sides of 
the glass, one side is at ambient temperature while the other is at the internal 
temperature of the car. The most heat the window can conduct occurs when 
one surface is at 52°C and the other is at 24°C. For the baseline vehicle, 
Q=(kw)(A)(~T)/t = 21.0 kW. This number is far greater than the amount of heat 
actually corning through the window, showing that most of the window's 
thermal resistance is due to the convective heat transfer coefficient and not 
from the window coefficient of thermal conductivity. The effect of outside 
convection on the window temperature gradient is shown in Figure 1. 
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Finally, a comment should be made about conductance during the initial 
transient phase when the the vehicle is first started. At first, the high 
conductance of the window glass helps to pull down the inside temperatures. 
This is because the inside of the car is initially at a higher temperature than 
the surroundings. After the inside temperature reaches the ambient 
temperature, and continues cooling, the conductance is an increasing load on 
the air-conditioner. 
Other Heat Loads 
To sum up the steady-state heat loads affecting the passenger space we 
must also account for outside air and passenger heat loads. The most 
important of these external loads is the amount of outside air, at ambient 
temperature, being brought into the passenger compartment. This is a 
variable load that can be adjusted by the driver of the vehicle. One extreme case 
involves full inside air recirculation with no replacement, while the other 
extreme replaces all the inside air about twice a minute. A conservative 
amount of replacement air, 0.25 m3/min, is assumed for the baseline case 
here. The calculation for the replacement air cooling requirement at 0.25 
m3/min and a AT of 28°C gives 0.12 kW. The thermal -impact of the 
replacement air is higher for higher air flow rates. 
In addition, the driver and passenger gave off heat, assumed to be 120 W 
of power for a total of 0.24 kW. Finally a small amount of heat leaks in from the 
engine and transaxle, assumed to total 0.50 kW of heat input. 
The steady-state heat load summary is given in Table IV: 
Table IV. Total Baseline Heat Load 
Solar radiative load at 900 W/m"2 
Body conductance load at 55 mph 
Recirculated air energy 
Driver + one passenger 
Eniine loads 
Total Heat Load 
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1.35kW 
2.24kW 
0.12kW 
0.24kW 
0.50kW 
4.50kW 
Fraction 
0.30 
0.50 
0.03 
0.06 
0.11 
LOO 
Baseline Air-Conditioner Sizing & Performance. 
A program for use on a Macintosh computer was developed to size the 
system. This program, Auto-Ale, is fully described in the appendix to this 
paper and has served several purposes in preparing to compare the systems. 
1. Auto-Ale has helped to develop an understanding of the steady-state 
heat loads. With this program, one can test how changes in many 
aspects of the vehicle will affect the steady state performance of the 
Ale system. 
2. The program allows one to obtain a more elusive set of data, that of 
the transient region. When the vehicle first starts, the inside is hot 
and the Ale unit is required to cool it in about 2 minutes to the 
design temperature. This behavior is non-linear and difficult to 
calculate by hand. 
3. Using the data obtained above, the program can be used to 
determine what size air-conditioner is needed in the vehicle. The 
two factors considered in sizing the unit are: whether the Ale unit 
can maintain the design temperature without too much cycling, 
and whether the Ale system can pull down the temperatures 
rapidly enough. 
4. The program gives insight into ways to improve the air-conditioning 
performance of the vehicle without modifying the air-conditioner, 
e.g. by changes to the windows. 
A quick summary of the Ale sizing results obtained through many test 
runs of the program are given below. 
• For the baseline system defined in the previous section, the range of 
workable air-conditioner sizes is from 6 to 14 kW of capacity. Below 2 
kW, the vehicle will never reach the target temperature. Above 8 kW, it 
will pull down the inside temperature very quickly, but give powerful, 
cold pulses as it maintains the steady state condition. The latter is 
undesirable because the passengers will be hit with blasts of frigid air. 
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• Although the minimum size to pull down the system is 6 kW, it does 
so in 10 minutes, an unreasonable amount of time. The minimum 
sizing to reach the 2 minute pull-down goal was 10 kW. 
From the baseline heat load characteristic, the air conditioner 
performance requirement is calculated using the Auto AlC program. It is 
assumed that the air-conditioner is able to pull the vehicle down to steady state 
conditions within 2.5 minutes of when it was started. U sing the baseline 
conditions, the required refrigeration capacity is found, using the Auto AlC 
program, to be 8.0 kW. This is an equivalent to 2.3 tons of refrigeration. All 
alternative air conditioning technologies are assumed to have this capacity. 
PhYSical Sizing 
The physical sizing of the air-conditioning system is critical, since space 
under the dashboard of modern passenger cars is scarce and must be used 
efficiently. Currently, the largest components in the system are the heat 
exchangers and the blowers. The rest of the components are small and 
distributed throughout the engine compartment. 
The physical size of alternative systems is assessed by comparing them 
to the air-handling equipment in today's systems. 
System Mass 
The total mass of the air-conditioning system affects the overall 
performance of the vehicle by increasing the inertia that must be overcome by 
the engine during acceleration. It has been estimated3 that for every additional 
100 lb (45 kg), 10 additional gallons of gasoline are required for every 10,000 
miles driven. This is equivalent to lowering the mileage of a CAFE standard 
vehicle from 28 to 27.3 mpg. 
Most mobile air-conditioning systems are not heavy, and the mass factor 
in general is not as critical as other factors. 
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COP and Efticiency 
The COP of a standard R-12 vapor/compression system used in auto-
mobiles today is 2.35 and the compressor efficiency is 65%.4 These figures do 
not include the energy used by the blowers to move the air. 
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Figure 2. Effect of AlC COP on Fuel Mileage 
The effect of COP on the gas mileage of a car using a 2 ton air-conditioner is 
shown in Figure 2, showing that the COP of the air-conditioning system in a 
car has a substantial effect on the overall performance of the vehicle. In a 
vehicle with a base fuel mileage of 40 mpg, the AlC system will lower the 
mileage by 3 miles per gallon. It lowers the mileage for cars meeting the 
CAFE standard (28 mpg, COP = 2.35) by 2 miles per gallon. The COP becomes 
more important at 40 mpg, where a COP = 1 decreases the mileage 14%. 
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The passenger-related and environmental safety of an automotive air-
conditioner is a critical factor in the search for an alternative Ale system. 
Although the current vapor/compression cycle poses almost no immediate 
threat to vehicle passengers in the event of a crash or other accident, it has 
been proven to be harmful to the environment and indirectly, to the world's 
health. R-12 refrigerant is destroying the ozone layer at a rapid rate; 
additionally, the products of the reaction that destroys the ozone layer greatly 
add to the greenhouse affect. 
When evaluating the environmental destruction potential of a system, 
two separate scales are used. The first is called the Ozone Depletion Potential 
(ODP), and the other is the Global Warming Potential (GWP). Since R-12 is the 
standard refrigerant today it is given a value of 1 in both categories. No system 
can have an ODP and GWP of zero, because of the environmental effects 
associated with manufacturing and distribution. Unless the manufacturing 
process is known precisely, ODP and GWP cannot be evaluated. 
Physical safety 
Any direct physical safety questions must be addressed when comparing 
mobile Ale systems. These include toxicity, flammability, and crash 
characteristics. These criteria are highly individual to the type of system being 
considered, and can only be qualitatively evaluated here. 
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n ALTERNATIVE MOBILE AlC TECHNOLOGIES 
We now consider alternatives to the R-12 vapor/compression mobile air-
conditioning system. These technologies are listed below and fall into three 
groups. The first and largest category consists of the thermodynamic 
alternatives to the standard vapor-compression cycle. These methods of 
providing air-conditioning take advantage of thermodynamic cycles which use 
benign refrigerant fluids. This group offers the highest capability for 
eliminating the emission of ozone-damaging chemicals, and has the lowest 
ODP and GWP ratings. 
A. Absorption cycle (water & ammonia) 
B. Aircycle 
C. Desiccantcycle 
D. Liquid nitrogen based automotive engine & AlC 
E. Metal hydride / Chemical Heat Pump 
F. Stirling cycle (with Helium) 
G. Thermoelectric cooling 
The second category offers methods of altering the standard vapor-
compression refrigeration cycle to reduce, not eliminate, ozone depleting 
emissions. These modifications are not intended to be a permanent solution to 
the problem, but can be used while more radical and better approaches are 
being developed. 
H. Hermetically sealed electric compressor 
I. Jet ejector as compressor 
J. Jet ejector as expander 
K. Scroll Compressor 
The third category is: 
L. Energy conservation 
All alternative mobile air-conditioning cycles are hampered by the 
relatively large heat loads coming into the passenger compartment of today's 
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automobiles. This is ironic, considering the large emphasis on gasoline 
energy efficiency now being placed on automotive design. Effort spent on 
reducing the heat coming into the passenger compartment would result in 
smaller air-conditioning systems. This situation would make several of the 
alternative cycles more attractive, especially those where size is a critical 
factor. 
A. Absorption cycle (water & ammonia) 
The absorption cycle is an automotive air-conditioning technique that 
uses the waste heat of the engine and has no moving mechanical parts, with 
the exception of an optional liquid pump.5 The cycle is similar to the standard 
vapor-compression cycle, but uses ammonia as the working fluid which is 
compressed and expanded. Ammonia is safe for the environment and 
relatively inexpensive to produce. This air-conditioning technique is already in 
mass production for the portable refrigerator market. 
Desorption 
Ai,.. Chamber 
Expansio~(1 ~;:;.! ,s1f.ff.tf~~ W.ste 
V.lve I ~-;~ ~ .~l~.g ~~~n 
1 T L(::::::]c 
Cond i ~ i oned U ~ in JM====iI11 
A I ,.. Absorption 1:. ===::!J' 
Chamber 
Ammonia Side Water Side 
Ammoni a/Water 
Solution 
Figure 3. Water/ammonia absorption cycle 
The absorption cycle can be divided into three distinct parts (Figure 3). 
The ammonia side is a vapor/compression cycle. Compressed ammonia vapor 
is condensed and cooled in the condenser. It is then expanded through the 
1 1 
expansion valve and evaporated into a vapor again in the evaporator, cooling 
the passenger compartment air. Upon exiting the evaporator, the ammonia 
vapor enters the absorption chamber in the AmmoniaIW ater section of the 
device. When it comes into contact with the cool water, the vapor is rapidly 
dissolved, or absorbed into the fluid. This ammonia and water solution then 
moves, either by capillary action or a small liquid pump, toward the desorption 
chamber. Between the absorption and desorption chambers heat is added to 
raise the temperature of the solution. In the desorption chamber, the heated 
water has a lower ammonia solubility than when it was cooler, and the 
ammonia is desorbed from the solution as a vapor at a higher temperature. As 
a final step, the water is then cooled back to its original temperature in a liquid 
to air heat exchange with the atmosphere. The entire process is able to operate 
with a COP of about 1.4. 
The basic absorption cycle is globally environmentally safe. The 
ammonia refrigerant is a natural chemical and would not adversely affect the 
atmosphere if released. Ammonia is toxic to the driver and passengers of the 
vehicle if released into the passenger compartment. The system has a major 
drawback in that the amount of heat required to drive the system generally 
exceeds the waste heat produced by a normal automotive engine.6 This is 
especially true with smaller, more efficient automotive engines. In order to 
run the absorption cycle, a separate heat source must be added to make up the 
difference. 
The absorption cycle has the economic advantage of having few high 
precision components, thus reducing manufacturing costs. The low efficiency, 
however, is a negative economic factor. 
Before the absorption cycle can become feasible for automotive use, the 
total heat input required to run the system must be reduced. This could involve 
the development of new refrigerantlabsorbant material combinations. 
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R Air cycle 
The simple air cycle (Figure 4) was perhaps the first air-conditioning 
cycle to be developed .. Air to be cooled and conditioned enters the system and is 
compressed, usually by a rotary compressor. During compression the temper-
ature of the air rises and the enthalpy of the air increases by the amount of 
work put into the compressor. The hot, pressurized air is passed through a 
heat exchanger and cooled to ambient temperatures. The cooled air is then 
expanded through a turbine, further cooling the air both by expansion and by 
removing some of its enthalpy as work to help drive the compressor. 
Outside 
Air 
T ____ 1 
r( Hea: Ex;~angerIJ 
--- -- --- -= 
,",ork .l!!~ 
t J, 
Conditioned 
Air 
Figure 4. Air cycle, using air as the working fluid 
This system is environmentally safe. The air acts as its own working 
fluid, eliminating any ozone damaging chemicals. The COP of the system, 
however, is rather low at approximately 1.5.7 
The cycle has relatively few parts. The compressor and the turbine, 
however, are precision components that are expensive to make, maintain, and 
replace. Other air-compression systems may use different hardware 
approaches, but tend to be expensive and bulky pieces of machinery. 
Development of the air cycle has been undertaken by several corporations, 
including the ROV AC Corporation, which has developed a unique air 
compressor.8 
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The future of the air cycle system depends on technological developments 
with the air turbines and compressors. The COP of the system is very closely 
linked to the design of these components as is the cost of manufacture. Also, a 
low volume air to air heat exchanger must be developed. 
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c. Desiccant cycle 
The desiccant cycle is one of the more radical departures from the 
standard vapor-compression techniques in use today. A desiccant is any 
material that has a high affinity for water. The material acts like a sponge to 
absorb or desorb large amounts of water or water vapor.9 
The cycle works as follows (Figure 5).10 Air to be cooled is removed from 
the conditioned space by a blower and passed through a desiccant bed or 
matrix. This constant enthalpy process removes the water in the air, both 
drying and heating the air. A heat exchanger then lowers the temperature of 
the air to near-ambient conditions. Finally, some atomized water is blown back 
into the air stream.ll This is again a constant enthalpy process, humidifying 
and cooling the air, which then enters the passenger compartment. 
" CII 
SCII 
._ (J 
..,0 
.- Q. l(n~ 
cy--> ........ D_e_s_i c_c_a_n_t.-I--+ 
Figure 5. Dessicant cycle. The dessicant material absorbs water and must be 
periodically regenerated. 
Because a desiccant material can only absorb a limited amount of water 
before becoming saturated, a second simultaneous process must take place. 
While half of the desiccant is being used to process the conditioned air, half is 
having the water removed from it. Periodically, the wet and dry desiccants are 
then switched. The regeneration process is accomplished using engine waste 
heat, which is then blown over the wet desiccant and rejected to the outside. 
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The dessicant cycle is environmentally attractive, in that no ozone-
damaging chemicals are used in the system. The main energy input to the 
cycle is waste heat to drive the regenerative process, so that vehicle fuel 
consumption is not adversely affected. Note that for electric vehicles, heating 
elements would have to be used in the regeneration process. The disposal of 
used desiccant material, which must be replaced periodically, could be an 
environmental problem depending on the desiccant material used. 
The cycle is economically attractive because it has no high precision, 
machined parts. The system is relatively bulky however. The blocks of 
desiccant material require a large surface area in contact with the humid air 
passing through them in order for the reaction to work. The cycle COP is about 
1.00, so that a large amount of heat is required to regenerate the saturated 
desiccant blocks. 
The future of the desiccant cycle in automotive air-conditioning depends 
on the discovery of new desiccants and desiccant/air exchangers that can 
reduce the overall size of the system. As current technology stands, the system 
is too large to be practical in a modem car. Also, this cycle will not be practical 
for electric vehicles. 
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D. Liquid nitrogen automotive engine andAle 
The liquid nitrogen automotive engine and air-conditioning system 
(Figure 6) is the most radical alternative offered here as it replaces the entire 
power plant in the vehicle, as well as the air-conditioner.12 
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Figure 6 Automotive engine and Ale system based on liquid nitrogen 
The system begins with the Liquid Nitrogen Tank where pressurized 
nitrogen is cryogenically stored. During operation, liquid nitrogen LN2 flows 
through a heat exchanger to provide air-conditioning and evaporate some of 
the LN2. The nitrogen then enters an external combustion boiler, which bums 
a hydrocarbon fuel such as gasoline, where the N 2 further boils and is 
superheated. The superheated vapor is then used in an expansion engine 
(piston or turbine) to power the vehicle, before being exhausted to the 
atmosphere. 
There are no ozone-damaging chemicals with this cycle. The furnace is 
a slow-burning, external combustion chamber that produces controlled 
emission products. The cost of producing LN2 is similar to that of gasoline, 
although the system suffers a severe economic obstacles in the cost of the 
required liquid nitrogen distribution network. Also, the cryogenic vehicle 
storage tank would be relatively large and expensive to manufacture. 
Most of the technology to implement this system is currently available. 
A low volume cryogenic liquid nitrogen storage tank is needed which is low 
cost, light and rugged. There are no cryogenic storage tanks currently 
available that fit these requirements, although the storage of cryogenic fluids 
including liquid helium has been accomplished by NASA for a number of 
space flight applications. 
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E. Metal-hydride I Chemical Heat Pump 
The metal-hydride or chemical heat pump uses the heat of a chemical 
reaction to provide the cooling effect without compressing a working fluid. 
There are a number of reactions that can be used to provide the cooling effect. 
One family of chemicals that is suited to a mobile application is the metal-
hydrides.13 These heat pumps use intermetallic chemicals of the form AB5, 
where A is a lanthanide and B is a transition metal, which can easily absorb 
and reversibly desorb large amounts of hydrogen. This absorption and 
desorption is the heart of the metal-hydride chemical heat pump. 
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Figure 7. Basic metal hydride heat pump, using hydrogen as a transfer fluid. 
The central part of the heat pump (Figure 7) works as follows.14 Hydride 
Bed 1 begins with a large amount of absorbed hydrogen while Bed 2 is deficient. 
As Bed 1 undergoes heat addition, an endothermic reaction occurs to provide 
the cooling effect and hydrogen is desorbed from the metal-hydride. The free 
H2 then passes through the filter that separates the two hydride beds and is 
absorbed into Bed 2 in an exothermic reaction. The heat from this second 
reaction is then ejected to the outside. 
After a certain period of operation, depending on the amount of hydride, 
the process will cease to function because Beds 1 and 2 have equalized their 
amounts of H2. At this point the heat pump must be regenerated, a process 
which forces the H2 back to the Bed 1 side. Bed 1 is kept at ambient 
temperatures while Bed 2 is heated. The high temperature on Bed 2 desorbs 
the H2 and moves it back to Bed 1. This regeneration process can be run from 
the waste heat of the vehicle engine. 
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Figure 8. Metal hydride heat pump system for mobile air conditioning. 
The continuous operation chemical air conditioner requires at least two 
heat pump systems (Figure 8), so that one is always operational while the other 
is being regenerated. The entire system can attain a COP of 1.60. 
This air-conditioning system is environmentally safe. There are no 
ozone depleting chemicals involved and the main input to the system is waste 
heat from the engine. The use of waste heat improves the vehicle's fuel 
efficiency and reduces overall emissions. 
The chemical heat pump could be economically competitive with current 
air-conditioning systems. There are no precision machined parts in the 
device, giving it a low cost. The heat pumps themselves, however, are bulky. If 
the size of the device is too large for automobiles, it may well find application 
with trucks and heavy equipment. 
The technology to implement this air-conditioning system is already in 
existence. N ewer hydride compounds, or other chemical reactions, could help 
make the system more compact, more efficient and more feasible for the 
automotive market. 
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F. Stirling cycle (with Helium) 
Stirling cycle refrigeration, one of the most promising alternative 
systems, involves four internally reversible processes in series which are 
usually carried out by a mechanical piston/cylinder arrangement, driven by an 
electric motor or belt system. The P-V diagram and description of the four-part 
cycle are shown below in Figures 9 and lOa-d. 
p 
v 
The Stirling cycle 
Figure 9. P-V diagram of the Stirling Cycle 
I. Isothermal Compression (A-B) 
II. Constant Volume Cooling (B-C) 
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Figure 10a 
Compressor piston moves up. 
Expander piston is statioruuy 
at the top. 
(Palh A to B on the diagram) 
Figure 10b 
Compressor piston moves up and 
expander piston moves down so that 
gas is transferred from compressor 
to expander at constant volume. 
(Palh B to C on the diagram) 
III. Isothermal Expansion (C·D) 
Hot 11111 Cold 
Heat 
~ 
~~ III!!I Absorbed 
IV. Constant Volume Heating (D·A) 
Figure 10c 
Compressor piston is stelioMIY 
el the tap and the expender 
piston moves down. Heel is 
absomed by the expender. 
(Path C to D on the diagram) 
Figure 10d 
Compressor piston moves down and 
expender piston moves up so that gas 
is transferred from expander to 
compressor el constant volume. 
(Path D to A on the diagram) 
In order for the Stirling cycle to produce a refrigerating affect, the two 
pistons must cycle at the same speed with a phase difference of approximately 
90° between them, such that the increase in expander volume leads with 
respect to the compression volume.15 
There are two major problems inherent in the mechanism that performs 
the Stirling cycle. The first involves the dynamic seals around the piston rods 
(see Figure lOa). During operation, helium leaks around the piston rods and is 
either lost from the system through the seal, or builds up a back pressure on 
the pistons. These rod seals add significant friction to the system and require 
frequent replacements. The second major problem involves the pressure drop 
as the helium flows though the regenerator. As the cycle speed is increased to 
increase capacity, the velocity of the helium also rises through the regenerator. 
The pressure loss incurred there is significant, and is one of the reasons that a 
low density working fluid is required in the system. 
Helium is the working fluid most commonly used in Stirling 
refrigeration. Helium is an environmentally favorable material; both 
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and chemically stable, and is extracted from the ground in large quantities at a 
relatively low cost. 
In order to cool the interior of an automobile, the Stirling cycle is 
combined with the addition of two primary system components, as shown 
below. This equipment consists of a hot heat exchanger which transports 
rejected heat from the Stirling engine to the ambient air and a cold heat 
exchanger that removes heat from the air inside the vehicle and transports it to 
the Stirling engine. 
Motor 
W
! J~. h ~ ~U) 
~U 1J __ 8 __ 
Figure 11. Motor-driven Stirling cycle with heat exchangers 
for mobile air conditioning. 
The helium Stirling cycle is safe for the environment. The cycle can 
achieve an air-conditioning COP of 2.5. Current research into the cycle may 
raise this figure even higher .16 
The Stirling cycle is complex and expensive to produce, containing a 
large number of precision machined parts which present a potential 
maintenance problem. The seals are a particular concern, both for repair and 
helium replacement. 
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G. Thermoelectric cooling 
Thermoelectric cooling is a compact, solid-state method of providing air-
conditioning and heat pumping. The thermoelectric cooler uses doped 
semiconductor material to create a solid state device that uses electricity to 
move heat. The physics of this effect are complex and will not be discussed 
here. A short description of the the device and its properties follows.17 
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Figure 12. Thermoelectrical cooler, constructed from "p" and "n" type 
semi-conductor material. 
The thermoelectric heat pump is a physically simple device. Alternating 
layers of Un" and Up" doped semiconductor material are sandwiched between 
layers of conducting metal so that electricity passes through the semi-
conducting material in a zig-zag fashion. The physics of the semiconductor 
material requires that one side gets cold while the other gets hot, providing the 
heat pumping action. While the effect is small for any single section of 
semiconductor material, it is amplified by the repetitive construction of the 
device. 
The semiconductor material and its metal connectors are sandwiched 
between thin layers of electrical insulation, to prevent short-circuiting of the 
device. Next to the insulation is a layer of heat conducting metal that serves to 
distribute the heat load evenly to the semiconductor pieces. 
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SEC. 4.5 ANALYSIS OF A THERMOELECTRIC COOLER 
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Figure 13. COP of a Thermoelectric Cooler versus ~T, with figure 
. of merit Z* as a parameter. 
The performance of the thermoelectric heat pump is highly dependent 
on the temperature difference across it. Figure 13 shows the maximum COP of 
a thermoelectric cooler as a function of the temperature difference. The Z* 
parameter is called the figure of merit, which is dependent on the properties of 
the semiconductor material. For the baseline ~T of 24°K, Figure 13 shows that 
COP varies from 0.3 to 1.1 as Z* varies from 0.001 to 0.003, emphasizing the 
importance of research in semiconductors to provide high Z* materials.18 The 
limitations imposed by Z* can be alleviated by stacking several thermoelectric 
devices on top of each other, so that each experiences a smaller temperature 
difference. An attainable COP for use in an automobile is expected to be about 
1.2 at~T = 24°K 
There are two ways to install thermoelectric coolers in automobiles. The 
first involves mounting the cooler units directly in the walls, floor and ceiling 
of the passenger compartment. This assumes that the exposed thermoelectric 
cooler area is large enough to allow the heat transfer to and from the 
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passenger compartment to be accomplished by natural convection. This 
approach is attractive in that no other heat exchangers, blowers or ducts need 
to be present to consume power. A drawback of this method is that more 
coolers are required to compensate for the lower heat transfer coefficient. 
Secondly, if either side of the thermoelectric cooler became obstructed or dirty, 
its effectiveness drops dramatically. 
A second method of installing thermoelectric coolers involves the use of 
auxiliary heat transfer components, as shown in Figure 14. This approach 
cools the hot side of the pump with a water-glycol solution which, in turn, is 
cooled in a heat exchanger by outside air. A second, smaller heat exchanger, 
not shown in the above figure, is added to allow the cooling of the inside air. 
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Figure 14. Forced circulation thermoelectric cooler, with glycol transfer fluid. 
The thermoelectric air-conditioning system is excellent for the 
environment, since no refrigerants are used. The electrical nature of the cycle 
makes it compatible with electrically driven vehicles. In addition, reversing 
the current through the device flips the hot and cold sides. This allows the 
device to operate as a heat pump in the winter, reducing the need for a separate 
heating system in the electric vehicle. 
The cost of a thermoelectric system is competitive with other systems. 
The thermoelectric device is not too expensive to produce and the remaining 
components are standard. The overall drawback to the cycle is the relatively 
low COP for the device. Further research into semiconductor materials and 
25 
stacking arrangements could result in less expensive, higher COP cooler 
systems. 
26 
· ..•. 
H. Hermetically sealed electric compressor 
The hermetically sealed electric compressor is a variation of the 
automotive vapor-compression cycle already in widespread use in residential 
refrigeration systems. The concept is shown schematically in Fig. 15. A 
standard compressor is driven by an electric motor and both the components 
are permanently sealed within a leakproof chamber, penetrated by two ports 
for the refrigerant lines and one for the power line. The leakage from this 
compressor is nearly eliminated because, although the seals on the 
compressor cannot be perfect, they are completely enclosed by the surrounding 
chamber. 
.I, __ __ __ t Sealed Chamber C =0="::::: l"---fiTi ~ ~ 
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Figure 15. Hermetically sealed compressor with electric drive. 
A second version of the hermetically sealed compressor isolates the 
compressor, which is driven magnetically through the chamber wall. This 
approach permits driving the compressor directly from the the vehicle engine. 
Drives of this type are now used on rotary vacuum pumps manufactured by 
Leybold-Heraeus Corp. 
The sealed compressor achieves large reduction in the amount of 
refrigerant fluid leaked to the atmosphere. However, a larger alternator is 
required, increasing vehicle fuel consumption and combustion emissions. The 
technology to render this modification is currently available. The development 
of a less expensive, higher output alternator is needed to make the system 
feasible for automotive use. 
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I. Jet ejector as compressor 
In a conventional mobile air conditioning system a large percentage of 
the working fluid that is leaked to the atmosphere escapes through the 
system's compressor shaft seal. The jet ejector is an alternative compressor 
option, which both reduces the fluid leakage and is powered by waste heat from 
the engine. 
Figure 16. Jet ejector high pressure primary fluid is injected at A, 
pumping fluid at B. 
The operation of a simple jet ejector compressor can be seen in the above 
diagram.1 9 A high pressure primary stream of refrigerant fluid vapor enters 
the ejector at A. It is expanded through a converging/diverging nozzle to 
supersonic velocities. At the same time, low pressure refrigerant enters 
through port B, mixing at constant pressure with the high velocity stream in 
the mixing chamber C. The final compression stage occurs in the diffuser D, 
which is optimally designed to raise the pressure of the mixed fluid as it slows. 
There are several advantages to using this type of compressor in a 
refrigerating cycle. There are no moving parts, simpler assembly, and 
compatibility with two phase flow. All the fluid connections are solid and 
permanent, making the unit hermetically sealed. The need for lubricating oil 
in the system is eliminated. The ejector also has the advantage that the high 
pressure stream is driven by engine waste heat. 
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Figure 17. Air conditioning system using a jet ejector compressor. 
The system that supports the use of the jet ejector compressor is more 
complex than the standard cycle as shown in Figure 17. As liquid refrigerant 
leaves the condensing heat exchanger, some of it is diverted from the main 
flow and is sent to a liquid pump, where it is pumped to higher pressure. The 
high pressure liquid gains heat in the regenerator before it is vaporized and 
superheated in the vapor generator by engine waste heat. The superheated 
vapor is then fed into the converging/diverging nozzle of the jet ejector, where it 
compresses the low pressure vapor refrigerant which has been evaporated by 
the conditioned air. Some of the waste heat from the ejector exhaust is 
recovered in the regenerator before it is condensed by transfer with outside air 
in the condenser. The main flow of refrigerant, not diverted to the pump, is 
then sent to a second regenerative heat exchanger at the ejector secondary inlet 
before being throttled and used to cool the air in the conditioned space. The 
heated refrigerant passes back through the second regenerator and into the 
secondary of the jet ejector. 
With present ejector designs the COP of the system is low, and the 
amount of heat required to run the jet ejector is greater than today's small and 
efficient engines provide. A secondary heat source is required to provide the 
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heat to superheat the refrigerant. It is possible that this system could be used 
in vehicles which already have larger engines, such as trucks and buses. 
The components of the jet ejector compressor are inexpensive. The 
ejector itself is small, and the added heat exchangers are compact fluid-to-fluid 
units. In order to make the jet ejector compressor practical, the amount of 
heat required to run the system must be reduced. Research would include 
studies and modeling of ejector performance with two-phase flow in the 
secondary, and performance during startup. 
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J. Jet ejector as expander 
A second application for the jet ejector is as a substitute for the throttling 
process in the vapor-compression refrigeration cycle. The potential for 
throttling to do work is present, but is normally wasted in a conventional 
system. Mechanical methods of recovering energy from the fluid do not work 
in the vapor compression cycle as these are sensitive to two-phase flow. A jet 
ejector (Figure 18) is relatively insensitive to two-phase flow and can be used to 
extract work from refrigerant as it is expanded. This both recovers work that 
is otherwise lost and lowers the final temperature of the expanded refrigerant. 
Figure 18. Jet ejector used to replace throttling process. 
The operation of the jet ejector has been described above in Section 1. The 
air conditioning cycle that makes use of the jet ejector expansion device20 is 
shown in Figure 19. High pressure, liquid refrigerant emerging from the 
condenser is fed into the primary input nozzle of the jet ejector. The high 
velocity flow mixes with the low pressure vapor, is diffused, and leaves the jet 
ejector at a pressure between the original high pressure and low pressure 
inputs. This two-phase flow is then separated into streams of vapor and liquid. 
The liquid stream is sent to an expansion valve and evaporator while the vapor 
stream is routed to the compressor and condenser. The vapor, which would 
have otherwise gone straight to the compressor, is partially compressed by this 
process and work is recovered. 
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Figure 19. Mobile AlC system with a jet ejector expansion 
replacing the throttling process. 
The immediate advantage of the jet ejector approach is an increase in 
efficiency. The resulting increased overall COP reduces the load on the engine 
and likewise its emissions. It is possible that this increase in COP may make 
other, environmentally safe refrigerant fluids feasible for use in mobile 
refrigeration units. 
The system is economically feasible, costing about the same as present 
systems The jet ejector has no moving parts and is simple to assemble. The 
separator is also a simple and inexpensive device. Although the number of 
components used in the system increases, the size of the compressor and the 
refrigerant charge decrease. Additionally, there is a long-term savings in 
increased fuel efficiency. 
Further work must be done to make the device feasible for mobile air-
conditioning use. This includes the development of a flow control device to 
regulate the amount of high pressure refrigerant entering the jet ejector. 
Ejector separators need to be built and analyzed, and details of two-phase flow 
in ejectors needs to be better understood. 
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K. Scroll Compressor 
The scroll compressor is an alternative to the compressors presently 
used in automotive vapor-compression cycle air conditioning. The device does 
not necessarily provide better sealing than the current system, but is possibly 
more efficient. This characteristic would make the hermetically sealed 
approach more attractive. 
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Figure 20. Scroll compressor for vapor-compression air conditioning. 
The scroll compressor consists of two scrolls that orbit around each 
other.21 One is permanently fixed to the housing of the unit and is stationary. 
The other orbits around the first, causing the compression. (Figure 20). 
Unless used in a hermetically sealed form, the scroll compressor offers 
little environmental improvement. It is possible that scroll compressor will 
have economic advantages over present current compressor designs, both in 
manufacture and in operation. Many in the HV AC industry are investigating 
this scheme and working models have already been built and tested, and are in 
production. 
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L. Energy Conservation 
Reducing the heat load in the passenger compartment is perhaps one of 
the best ways to improve the feasibility of alternative air conditioning systems. 
The large solar and conductive heat loads of current vehicle designs make 
many of the alternatives difficult to locate in a car. Reducing the heat load 
would increase the energy efficiency of the air-conditioner, and thus the car as 
a whole. 
Thermal energy conservation for automobiles has not been a topic of 
much importance until recently. Modern car designs involve large curved 
glass windows and streamlined aerodynamics to give laminar airflow over the 
entire vehicle. While these designs look appealing and reduce the drag on the 
vehicle, they also increase the convective heat transfer to the passenger 
compartment. 
The use of double-glazed windows (Mercedes Benz has recently 
announced such a step) and tinting would reduce the heat load considerably. 
Further research into low-thermal conductivity glass could also provide a 
means of reducing the heat load. 
The conservation approach was evaluated with the aid of the Auto AlC 
program in Appendix A. The thermal mass was reduced from 100 kg to 50 kg. 
Thermal conductivity of the windows was reduced by a factor of 100 to 0.014 
W/moK. Window tinting was used to decrease insolation by a factor of 4. The 
results are shown in Table III below: 
Table III. Effect of Energy Conservation on Mobile 
AlC Performance. 52°C Ambient Temp .. 55 mph 
Window A., W 1m OK 
Tint factor 
Thermal mass, kg 
Temp, 30 min soak, °C 
Temp, 2.5 min drive, °C 
Min cycle temp, °C 
AlC Capacity, kW 
Baseline 
34 
1.40 
1.00 
100 
77 
31 
22 
8.0 
Conservation Design 
0.014 
0.25 
00 
59 
2) 
22 
3.0 
Table III shows that significant improvements can be made in the size of 
mobile air-conditioning systems, primarily through improved window design. 
The system capacity can be reduced from 8 kW to 3 kW, of particular interest to 
electric cars. The effect of each individual factor on system capacity can be 
seen by running the Auto Ale program (Appendix A). 
Any of the alternative cycles discussed above would be aided if the heat 
loads were reduced. Research and re-design efforts into reducing these heat 
loads through better insulation and window design are important and should 
not be overlooked. 
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m. TECHNOLOGY COMPARISONS 
In choosing alternative technologies for automotive air-conditioning, no 
single system presents itself as ideal. With time, new technologies appear and 
the current ones evolve, altering the basis of comparison. Therefore, the 
evaluations which follow have been arranged to enable future comparisons of 
technologies not specifically discussed in this report. 
No attempt is made here to single out a particular technology as the 
"answer" to the mobile air-conditioning problem. Advances in the presented 
systems and the development of new technologies can render any such final 
conclusion quickly irrelevant. What can be gained from this comparison is an 
idea of which systems, with the proper amount of research, hold the most 
potential for a safe and practical mobile air-conditioning solution. 
Atmospheric environmental safety 
The first criterion which is applied to the candidate technologies is their 
atmospheric environmental safety, in terms of ozone depletion potential (ODP) 
and direct global warming potential (GWP). The R-12 vapor-compression cycle 
is assumed to be the base case for these comparisons. 
It must probably be assumed that the refrigerant in a vapor-compression 
cycle will eventually leak to the atmosphere, whether through seal 
degradation, repair, accident, or abandonment. Alternative refrigerants such 
as R-134a represent a significant reduction in ozone depletion. These 
refrigerants also have a negative effect on global warming. Refrigerant simply 
cannot be contained in an air-conditioning system for extended periods of time, 
and eventually will affect the atmosphere, even if hermetically sealed. 
The alternative cycles and Ale technologies discussed below have a 
minimal long-term effect on the atmosphere, for both ozone depletion and 
atmospheric warming. All systems affect the atmosphere indirectly, however, 
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through the load they put on the vehicle's engine which raises fuel con-
sumption. This indirect effect is a function of the effective COP of a particular 
system. 
Energy efficiency comparison 
The power (mechanical or thermal) required to run a mobile air-
conditioning system lowers the fuel mileage of the vehicle and indirectly affects 
the atmosphere through increased exhaust emissions. The energy 
consumption of an air-conditioning system is measured in terms of the 
Coefficient of Performance (COP) where COP is the heat removed from the cold 
side of the system divided by the energy input required to run the cycle. Figure 
19 shows the COP for the alternative systems discussed here. The liquid 
nitrogen system is not included because the air-conditioning is a by-product, 
obtained without additional energy input. 
Vapor-Compression 
Thermoe lectrics 
Stirling Cycle 
Chemical Heat Pump 
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Figure 19. COP of mechanically-driven and waste heat-driven 
mobile AlC systems. 
Comparing air-conditioning systems by their basic COP is valid when 
looking at systems with similar power sources. If the power sources are 
different, however, some systems will have an unfair advantage over the 
others. For example, the vapor-compression cycle takes work directly from <-
shaft power while the absorption cycle uses waste heat. For a fair comparison, 
37 
the COP for each system is adjusted back to the fuel tank. That is, the COP's 
are normalized, resulting in: 
overall COP heat removed from passenger compartment heating value of required fuel from tank 
The normalization of COP is accomplished by assuming the base 
efficiency of the automobile engine be 30%, leaving 70% of the fuel energy as 
radiator or exhaust waste heat. For a waste heat-driven AlC system, the heat 
exchanger is assumed to recover 60%, resulting in an overall 42% efficiency. 
For belt driven or electrically-driven systems the drive system is assumed to be 
90% efficient, which combined with base engine efficiency, results in an overall 
27% efficiency. These normalizing factors, summarized in Figure 20, are 
multiplied by the basic COP to give an overall COP. 
Engi ne Effi ci ency = 0.30 
Energy Source Base Eff. Overal1 Eff. 
Heat Recovery 1')=0.60 (1-0.30)*0.60=0.42 
Belts/Direct 1')=0.90 0.30*0.90=0.27 
A 1 ternator/Motor 1')=0.90 0.30*0.90=0.27 
Figure 20. Normalizing factors used to compare mechanically-
driven and waste heat-driven systems. 
It should be noted that these efficiency factors only apply to a vehicle 
powered by an internal combustion engine. An electric car requires a different 
analysis, not performed here, taking into account the greatly reduced waste 
heat rejection from this type of vehicle. 
Figure 21 shows the resulting overall COP for the alternative systems. 
Because the normalization factors assume the use of an internal combustion 
engine, the nitrogen powered car alternative is not included. 
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Figure 21. Overall COP, based on fuel heating value. 
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Figure 21 shows that a cycle with a high basic COP is not necessarily the 
most efficient for use in an automobile. The energy weighting heavily 
penalizes the Stirling, air, thermoelectric and vapor/compression cycles. The 
chemical heat pump, which ranked far below the Stirling cycle when 
comparing the basic COP, is now seen to be an attractive alternative. From an 
energy standpoint, the best cycles for use in an automotive engine are the 
vapor/compression cycle, Stirling cycle and the chemical heat pump, with the 
absorption cycle not far behind. The thermoelectric, dessicant and air cycles 
are not competitive on this basis. 
It has been previously noted that waste-heat powered cycles may require 
more heat input than the standard engine provides. If the chemical heat 
pump is ruled out on this basis, the Stirling cycle is clearly the leading 
candidate for automotive air-conditioning based on overall COP. If an energy 
conservation strategy is pursued, then the chemical heat pump and absorption 
cycles can become viable. 
Size comparison 
Air-conditioning systems used on production vehicles have very little 
available space under the dash and under the hood. In this unforgiving design 
reality, an air-conditioner whose components can be distributed throughout the 
dash and engine compartment will have an advantage. The winning system 
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for space usage, including the vapor-compression cycle, is the simple 
thermoelectric cooler without water/glycol cooling fluid. Thermoelectric units 
are flat, rectangular wafers, and together with the power input cables, can be 
located anywhere in the car. Even if auxiliary heat removal systems are 
required, the thermoelectric system has a volume advantage. 
The next best systems for low volume are the Stirling cycle and the 
absorption cycle. The Stirling cycle engine is a compact unit, small enough to 
be mounted under the dash. Auxiliary support equipment is similar to current 
Ale systems. The absorption cycle has more individual components than the 
other systems, but they are relatively small and can probably, with some 
difficulty, be distributed throughout the vehicle. 
The waste-heat powered systems are generally poor for space usage. 
The chemical heat pump and the desiccant cycle not only need extra heat 
exchangers, but also large chambers where the reactions take place. These 
chambers cannot be distributed and are difficult to locate. 
The air cycle, like the waste-heat systems, requires a large volume. 
Although no chemical reactions are needed, the cycle requires a large air-to-
air heat exchanger. This cannot be easily distributed and is difficult to locate. 
Weight comparison 
The best system for low weight is the thermoelectric cooler. The small 
size of these units makes them much lighter than the other systems. 
Otherwise, the alternative cycles are fairly close in weight. 
Automobile fuel efficiency is partially a function of vehicle weight. The 
increased weight of the alternative systems considered here is not sufficient to 
significantly affect fuel consumption. U sing an estimated weight increase of 
22 lbs for alternative system, the effect would be a 0.4 mpg decrease from the 28 
mpg baseline. It is concluded that weight is not important for rating 
alternative systems. 
40 
System complexity 
One measure of system complexity is the component parts count for the 
system. With systems that use a working fluid, the number of seals also 
becomes a complexity issue. 
The systems with the lowest complexity have no moving parts, no 
working fluid, no hoses, and no dynamic seals. The two systems that fall into 
this category are the thermoelectric cooler and the chemical heat pump. They 
are rugged devices with a low maintenance requirement. The desiccant cycle 
is only moderately complex. It consists mainly of air ducts, static desiccant 
blocks, blowers and heat exchangers. Maintenance requirements are not 
expected to be high for these systems. 
The remaining systems considered here are more complex. The Stirling 
and absorption cycles have working fluids, and seals with which to contend. 
Stirling and air cycles have electric motors that need to be maintained. The 
most complex system is probably the absorption cycle. It has several chamber, 
hoses, heat exchangers and a pump. This complexity is compounded by the 
need to make it fit in the vehicle. If the many parts are distributed throughout 
the engine compartment, additional hoses will be needed and system efficiency 
will decrease. 
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Conclusions 
When looking at new systems that are proposed for automotive alr-
conditioning systems, the main requirements of environmental safety, energy 
efficiency, low volume and simplicity of design must be met. Systems that are 
inherently large or very complex will not realistically work in the demanding 
automotive environment. The conclusions of this report are summarized in 
the table below. 
After reviewing the proposed alternatives for mobile air-conditioning, 
two systems present themselves as being unusualy promising for use in 
automobiles. These are the Stirling cycle and the chemical heat pump. These 
systems, assuming continued further research, would provide feasible 
alternatives to the existing vapor-compression system. A third system with 
competitive COP is the absorption cycle. 
All systems would strongly benefit from energy conservation. Present 
AlC systems reduce fuel mileage 2 mpg from the CAFE level, a drop of 7%. 
This penalty could be cut to 3% (a 4% savings) by improved window and 
thermal design. This is equivalent to a 1.5 mpg increase in the CAFE level. 
Savings to the environment and oil imports would be significant. 
System COP is an important parameter for comparing alternative 
systems. The basic COP of these systems, which ranges from 1.0 to 2.5, 
unfairly penalizes waste-heat powered systems. Making a COP adjustment 
based on fuel consumption to reflect the energy source (waste heat, direct belt, 
alternator), results in an overall COP range from 0.32 to 0.68. On this basis, 
the chemical heat pump has the same COP (0.67) as the vapor-compression 
and Stirling cycles. The absorption cycle has a COP of 0.58. 
The Stirling cycle has a high efficiency which may improve as electric 
cars come into production. It is relatively compact and the heat exchangers 
can be located throughout the car. The biggest drawback of the system is 
mechanical complexity and a resulting high maintenance requirement. 
Research to increase the reliability and COP of the Stirling system could make 
it a practical mobile AlC system. 
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The chemical heat pump has many advantages, including its high 
overall efficiency and lack of moving parts. This waste-heat driven system 
would also be reliable in operation because of its simplicity. Its size is a distinct 
drawback for automotive use, and the system would therefore benefit strongly 
from energy conservation. Some very creative planning would be required to fit 
it into the engine compartment, and research aimed at reducing system size is 
indicated. Mass production techniques also need to be developed. 
The absorption cycle is large and complex. It has many individual 
components that need to be assembled and maintained. It would benefit 
strongly from energy conservation and from research efforts to reduce 
component size. 
Before alternative systems can be brought to the market, modifications 
can be made to vapor-compression systems to reduce the ozone depletion 
problem. The hermetically-sealed compressor would reduce leakage by 
eliminating the external dynamic shaft seals in the system. The jet-ejector 
expander could provide a way to reduce the total amount of charge required in 
the system and would improve the COP of the entire cycle. However, the device 
requires development of flow control and two-phase separators. The scroll 
compressor would also reduce the required refrigerant charge and increase 
system COP. These modifications are not mutually exclusive and there is the ~ 
possibility, for example, of combining them into a hermetically sealed scroll 
compressor system that uses a jet-ejector expander. 
Other systems studied here have major drawbacks that limit their 
feasibility for use in an automobile. 
1. The air cycle requires a large air to air heat exchanger. This 
component will not fit easily into a small vehicle. Additionally, the 
turbo-machinery required to run the cycle is difficult to 
manufacture and maintain. 
2. The desiccant cycle has a high system volume. The desiccant 
material requires a large surface area and the system cannot be 
easily fit into an automobile. 
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Ranked Comparison Summary of Alternative Mobile Air Conditioning Technologies 
Most Promising Alternatives 
'fY.pe ODP/Gwp Overall COP Size Complexity 
Stirling cycle None 0.68 low high 
Chemical Heat Pump None 0.67 high low 
Absorption cycle None 0.58 low high 
Conservation None 2-3* 1-2 reduction low 
*reduces AlC fuel consumption by this factor 
ExistipgYaoor Compression SYStems 
Type ODP/GWP Overall COP Size Complexity 
Hermetically sealed Some 0.68 low medium 
Jet-ejector expander Some 0.68 low low 
Scroll compressor Some 0.68 low medium 
Systems with Major Drawbacks 
Type ODP/GWP Overall COP Size Complexity 
Air cycle None 0.40 high high 
Dessicant cycle None 0.42 high medium 
Jet-ejector compressor None low low low 
Thermoelectrics None 0.32 low low 
Liquid N2 system None high 
3. The ejector compressor has a fairly low efficiency and thus requires 
more input heat than the engine provides. It also requires high 
ODP and GWP refrigerants. 
4. Thermoelectrics, despite having the smallest size and weight of the 
systems considered with no moving parts, have a COP of one half 
those of the best systems. Thermoelectrics will not be candidates 
unless the figure of merit Z* can be improved with new materials. 
5. The LN2-driven vehicle requires a major overhaul of the fuel 
distribution infrastructure. Also, lightweight cryogenic storage 
tanks need to be developed. 
Several important research areas have been identified in this report. 
Work in these areas will help promote the feasibility of the alternate air-
conditioning systems: 
1. Develop low thermal conductivity double pane tinted window glass 
to reduce heat loads. 
2. Increase the life of dynamic seals in the Stirling cycle, and reduce 
system complexity. 
3. Reduce the size, weight and improve the efficiency of chemical heat 
pumps. 
4. Reduce the size, weight and improve the efficiency of the absorption 
cycle. 
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Appendix A. Auto Ale Program . 
~~ 
~ 
Auto-Ale 
Auto·Ale 
©1990 by Boyd Multerer 
Auto·Ale is a utility that allows you to test the response of an 
automobile to summer heat-transfer conditions, and the effect that the air-
conditioner will have on it. You have control of a large range of variables that 
affect the car's air-conditioning system, allowing you to see how alterations in 
specific components will affect the system's performance. 
The simulation is broken into two distinct parts. First, the vehicle is 
assumed to be turned off, resting in a wind shielded parking lot. The main 
heat load is solar, and the final temperature of the interior can be calculated. 
Then, after a preset amount of simulated time goes by, the car is turned on 
(Ale system too) and begins to travel down the road at a preset speed. Then the 
main heat loads are both solar and conductive/convective. 
Runnjng the Program 
Operation of Auto-Ale is simple. After double clicking on its desktop 
icon, you will be presented with the program's information window. Read it, 
then click the mouse anywhere to go on. 
Unless you started the program by opening an Auto-Ale you will 
now be presented with the standard simulation specification dialog. This is 
where you set all the parameters that will govern the operation of the 
simulation and the model it supports. These parameters are described below. 
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Set Simulation Parameters 
Global Parameters Solar Load 
Rest Time mins: I 50 Solar FluH W/m "2: 920.00 
Driue Time mins: 10 Solar Rngle 0: 40.00 
Window Thicle mm: 6.35 Window Tinting: 1.00 
Window Rrea m "2: 3.41 Conductive Load 
Glass Condo W/m*K 1.40 Uehicle Speed IePh:ll 04.00 
Body Cp J/leg*K: 200.00 Other Loads 
Thermol Moss leg: 100.00 No. of Passengers: 2 
Temperatures Rest Rir m "3/min: 0.10 
Rmbient Temp °C: 
1 42.00 I 
Driue Rir m "3/min: 1.00 
Target Temp °C: Air-Conditioner 21.00 
« conti~ue 3 ( Rbort ) Capacity leW: I 8.00 
Global Parameters 
Rest Time: The "Rest Time" parameter controls how much 
simulated time should be spent on the warming of the car as it sits in the sun. 
While simulating the rest time, it is assumed that the vehicle is off, at rest, at 
20 C, and in stagnated air (no wind). Rest Time is measured in minutes. 
Drive Time: The drive time specifies how long the car should be 
simulated after it is turned on and is driving down the road. It occurs after the 
simulator is finished warming the car in the parking lot. Drive Time is 
measured in minutes. 
Window Thick: This is the thickness of the windshield in 
millimeters. It has a direct effect on how much heat is transported through it. 
Window Area: This is the total surface area of all the windows. It is 
used for calculating both the Conductive and Radiative loads. (Its value is 
automatically halved for the radiative load because only half the window area 
can be exposed to the sun at once.) Window Area is measured in square 
meters. 
Glass Cond: Glass Cond stands for the thermal conductivity of the 
glass used in the windows. It, like the window thickness, affects how much 
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heat can be transported through the windows. Glass Conductivity is measured 
in Watts per meter degree Kelvin. (W/m*K) 
Body Cp: This parameter specifies the thermal capacitance of the 
inside of the vehicle. This will directly affect the speed at which the interior 
will adjust to a new temperature. It should be set to specific values for specific 
cars. 
Thermal Mass: This parameter specifies the thermal mass of the 
inside of the vehicle. It too affects how quickly the inside will heat up and cool 
down. 
Temperatures 
Ambient: The Ambient temperature is the average temperature of 
the immediate surroundings of the vehicle. (i.e this is the temperature that a 
dry, shaded thermometer outside would read). The Ambient temperature is 
measured in °C. 
Target: The Target temperature is the temperature that you want to 
be achieved inside the vehicle. Note that a band-width of±1 °C centered around 
the target temperature determines when the air-conditioning unit will be 
turned on and off. The Target temperature is measured in °C. 
Solar Load 
Solar Flux: This straight-forward parameter specifies how much of 
the sun's energy is reaching the earth. The maximum (for a clear day) should 
be about 1000, and lower values should be used for less-than-perfect weather. 
Solar Angle: This is the angle that the sun makes with the' ground, 
and affects how much of the sun's energy that reaches the ground actually hits 
the windows. All windows are assumed to be tilted at 30° from vertical . 
• 
Solar Angle (0) 
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Window Tinting: If the windows are glazed, or tinted in any way, 
you can represent this here. A value of 1 means the windows are perfectly 
clear. Values less than one reduce the light that gets through by that ratio. 
Conductlve Load. 
Vehicle Speed: The Vehicle Speed parameter directly affects the 
amount of heat that enters the vehicle as a conductive load and has no 
meaning during the rest time. The faster the vehicle travels, the higher the 
forced convection over the outside of the car, and the higher the heat transfer 
rate. 
Other Loads 
Number of Passengers: Each person in the car generates a small 
heat load that is taken into account. You specify how many people are in the 
vehicle. The program then assumes that each person generates 120 watts of 
heat. 
Rest Air: This is the amount of outside air at ambient temperatures 
that flows through the car while it is at rest. This air replaces the air that was 
in the car and is brought to the interior temperature. The Rest replacement 
Air is measured in cubic meters per minute. (m3/s) 
Drive Air: This is the amount of outside air at ambient 
temperatures that flows through the car while it is in motion. This air 
replaces the air that was in the car and is brought to the interior temperature. 
The Drive replacement Air is measured in cubic meters per minute. (m3/s) 
Air-Conditioner 
Capacity: This is the amount of heat that the air-conditioning 
system is able to remove from the vehicle. It is measured in kilowatts (kW). 
Remember that there are 3.5 kW per ton of refrigeration. 
The Simulation 
After you have edited the variables to your satisfaction, press the 
Continue button. This will begin the simulation. A progress window will 
appear that will let you know how things are going. 
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Viewing the Data 
The simulation routine generates a large amount of data. In order 
to present the data in a comprehensive format, it is automatically plotted for 
you. If you scroll down this page, you will discover that the parameters you 
had previously set are also displayed. 
You can selectively display specific portions of the data. This is done 
using the selections under the Plot menu. You need only to select the portion of 
the plot that you are interested in viewing. 
Once the data has been plotted, you can select the Copy item from the' 
Edit menu. This will place the actual data on the clipboard, allowing you to 
move it into many other plotting, statistical, and analysis programs. 
Saving the Results 
At any time after a simulation, you can save the results and settings 
of a round of work. This file can later be opened to return the previous settings 
and data to the program. 
Printing the Results 
Finally, you can also print the results onto a piece of paper. The plot 
and data were specifically arranged to print well on a single 8 112 x 11 piece of 
paper. An example is provided on the next page. 
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Automobile Interior Temperature vs. Time 
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